Local phase analysis can serve as a complementary tool in seismic interpretation because amplitude, peak frequency and phase of the locally observed wavelet are determined by the local reflectivity that is by layer thickness, type of impedance contrast, and boundary shape. To estimate the local phase, statistical methods like kurtosis-based phase estimation, can be applied. Their advantage is that they do not require well logs and analyze the seismic data directly, which allows for instance to analyze whether spatial and/or temporal variations occur in the amplitude and phase spectrum of the seismic wavelet. Here, we investigate the spatial resolution of the kurtosis-based phase estimation for the Ketzin 3D seismic data set from the Northeast German Basin and show that the decrease of phase estimation block size allows to estimate the spatial variations in the local phase and following also the local geology with high resolution. The phase distribution follows the geological structure of the anticline visible already in the amplitudes and may reveal potentially additional details to conventional amplitude imaging.
Introduction
In seismic interpretation local phase analysis can serve as a complementary tool because amplitude, peak frequency and phase of the locally observed wavelet are determined by the local reflectivity that is by layer thickness, type of impedance contrast, and boundary shape (Van der Baan et al., 2010) .
To estimate the local phase, statistical methods, e.g. kurtosis-based phase estimation, can be applied. Their advantage is that they do not require well logs and analyze the seismic data directly, which allows for instance to analyze whether spatial and/or temporal variations occur in the amplitude and phase spectrum of the seismic wavelet (Van der Baan et al., 2010) .
The reliability of statistical wavelet estimates is confirmed e.g. by the work of Edgar and Van der Baan (2011) , who analyzed three marine data sets and find a close similarity between wavelets obtained directly from the data with the statistical approach and deterministic wavelets resulting from seismic-to-well ties. Also Herrera and Van der Baan (2013) ran an extensive noise stability test comparing the kurtosis-based method with other statistical methods. The kurtosis approach showed the best performance for a wide range of signal-to-noise ratios.
Here, we methodically test the influence of variable block sizes, and apply this to the investigation of the spatial resolution of the kurtosis-based phase estimation for the Ketzin 3D seismic data set from the Northeast German Basin.
Kurtosis-based phase estimation
To estimate the desired wavelet phase, a series of constant-phase rotations is applied to the investigated data. The angle, at which the output is maximally non-Gaussian, corresponds to the desired zero-phase trace (Levy and Oldenburg, 1987; Longbottom et al., 1988; White, 1988; Van der Baan, 2008) . The rotated trace x rot (t) can be computed from the original trace x(t) by with Φ indicating the phase rotation angle and H[.] -the Hilbert transform. Equation (1) allows for both a constant and a time-dependent rotation angle Φ. The maximum deviation from a Gaussian time series is measured using the kurtosis, a fourth-order statistical measure already used by Wiggins (1978) in his blind deconvolution algorithm. Kurtosis κ is calculated for a discrete time series x(t) with where E [.] denotes the expectation operator applied to data x. Therefore, maximizing the kurtosis reveals the desired wavelet phase. It is equal to -Φ kurt , the rotation angle at the maximum kurtosis value (Van der Baan and Fomel, 2009).
Ketzin dataset
The data used for this study were acquired near Ketzin, Germany, as baseline survey for a CO 2 storage site (Juhlin et al., 2007) . The regional geology is formed by salt tectonics (Förster, 2006 ) with a double anticline as a target of investigations. In the seismic data few reflectors can be distinguished with the most prominent K2-anhydrite layer overlaying heterogeneous sandstone formations ( Figure  1a ). 
Case study
The baseline dataset was processed according to the following procedure: squared blocks comprising several CDPs are used to compute the local phase angle with the kurtosis-based method. The angle is then assigned to the center of the block. Next, the spatial location is varied over the entire dataset to obtain a spatially varying local phase (Figure 1b) .
Figure 1 a) Seismic section of inline 1164 crossing one of the observation wells (Ktzi 200). The wavelet extraction window is located between 200 -400 ms and is marked with a green rectangle, the prominent reflector K2 is visible at ca. 490 ms. b) A plan view of the seismic datasubset with inlines (176) and crosslines (206). Block processing using square block of side length b = 50 traces.
The extraction window was set to 200 -400 ms (cf., Figure 1a ) to avoid impact of the poorer data quality from the shallow zone, and to hamper a dominant influence of the K2 reflector located at ca. 480 -550 ms because its thickness is below the tuning thickness.
We carried out the block processing without and with 50% overlap of blocks to smooth estimation outputs. To investigate the spatial resolution of the method, the data was processed using 4 different block sizes: 50x50, 10x10, 6x6 and 1x1 (2x2 for processing with overlap) traces.
A comparison of results of processing without and with 50% overlap for 3 block sizes is shown in Figure 2 . The processing with 50% overlap delivers, as expected, a smoother phase distribution (Figure 2 , lower row) than the one without overlap (Figure 2, upper row ). The refinement of the features with decreasing block size can be observed, which reveals spatial local phase variations. For the block size of 50x50 traces (Figure 2 , left column) only very rough features are pictured, whereas the processing with the block sizes 1x1 and 2x2 traces, resp., results in much finer structures corresponding to the dipping layers of the anticline (Figure 2, right column) .
Next, we compare the distribution of the local phases resulting from the processing with overlap and the smallest used block size of 2x2 traces directly with the mean of the seismic amplitudes from the same time window of 200 -400 ms (Figure 3 ). Since the calculation window for both, amplitudes mean and the phases, does not follow the dip of the geological layers, the strike shows up in both plots. It can be observed that the phase distribution generally follows the anticline structure visible in the amplitudes. Furthermore, the features revealed by the phase map are much more detailed than those observed in the amplitude map.
The histograms of the phase spatial distributions (Figure 2 modal value, that is the most frequently occurring phase in the entire dataset. The mode of the estimated phases is consistent (39 -42°) independently of the processing block size and overlapmode, which shows stability of the results. This mode phase can be compared with the wavelet phase obtained from the well-to-seismic ties as a quality control. (Fig. 2) 
Conclusions
Kurtosis maximization by constant phase rotation is a useful tool for phase estimation. Here we showed that the decrease of phase estimation block size allows to estimate the spatial variations in the local phase with high resolution. Thereby, also the local geology can be estimated with higher resolution. The phase distribution follows the geological structure of the anticline visible already in the amplitudes and may reveal potentially additional details to conventional amplitude imaging. However, to provide a complementary interpretational tool, we strongly recommend an analysis of temporal variations of the local phase.
